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Introduction
IgG-coated particles (immune-complexes) engage FcγR on the surface of macrophages and monocytes and initiate a series of signaling events that result in the phagocytosis/destruction of the immune complex 1, 2 . This process is often accompanied by the generation of superoxide radicals and inflammatory cytokines, which are produced in an effort to clear the antibodycoated target. These phagocytosis-associated events can cause collateral tissue damage in the absence of regulation. Recent work has demonstrated that a similar macrophage response is elicited by antibody-coated tumor cells 3 .
Murine macrophages express both activating FcγR (FcγRI and FcγRIIIa) and inhibiting FcγR (FcγRII) 4 . Clustering of the activating FcγR by immune complexes results in phosphorylation of the receptor ITAMs (immunoreceptor tyrosine-based activation motif) by membrane-associated Src kinases 5, 6 . The phosphorylated ITAMs serve as docking sites for SH2 domain containing cytoplasmic enzymes and enzyme/adapter complexes. Thus, recruitment of the Shc/Grb2/Sos complex to the membrane activates the Ras/Erk pathway, and recruitment of PI3K via the p85 adapter subunit results in the generation of 3' phosphorylated inositol phospholipids such as PtdIns3,4,5P 3 7,8 . PtdIns3,4,5P 3 is an important second messenger that is necessary for the recruitment and activation of PH domain containing enzymes such as Vav, the guanine nucleotide exchange factor for Rac, Btk, the tec family tyrosine kinase involved in calcium mobilization, and the serine/threonine kinase Akt 9 . In addition to the activating enzymes recruited by the phosphorylated ITAM, negative regulatory phosphatases such as SHIP are recruited by both the phosphorylated ITAM as well as the phosphorylated ITIM of FcγRII(b) 8, 10 .
For personal use only. on October 3, 2017 . by guest www.bloodjournal.org From FcγR-mediated phagocytosis is a complex signaling cascade that involves several events, including rearrangement of cytoskeleton and production of superoxide 11, 12 . Extensive studies in the last few years have shown that the key molecule that plays role in both these events is a small Rho family GTPase called Rac [13] [14] [15] [16] [17] . Superoxide production is catalyzed by a multi-subunit enzyme NADPH oxidase. Rac is essential for complete assembly of NADPH oxidase and its activation [12] [13] [14] [15] . It has been reported that Rac-deficient neutrophils and macrophages show reduced superoxide production and phagocytic ability 18 . In addition to superoxide release, phagocytosis of immune-complexes involves production of pro-inflammatory cytokines such as For personal use only. on October 3, 2017. by guest www.bloodjournal.org From However, there are no studies to date examining the influence of SHIP on phagocytosisassociated events such as superoxide generation and inflammatory cytokine production.
In this study, we demonstrate that SHIP down-regulates superoxide production when macrophages are stimulated with immune-complexes, and that SHIP negatively regulates upstream Rac activity. Likewise, SHIP has negative influence on FcγR-induced IL-1β and IL-6 production. Interestingly, our results indicated a differential requirement for the activation of the Ras/Erk and PI3K pathways in the generation of IL-1β and IL-6 in response to FcγR clustering.
Analysis of the mechanism of SHIP regulation of FcγR-induced IL-1β and IL-6 production revealed that SHIP influences the production of these cytokines through the regulation of the Ras/Erk and the PI3K pathways. Based on these findings, we propose that SHIP is a key regulator of the FcγR-mediated inflammatory response. Preparation of heat-aggregated IgG: Heat aggregated IgG was prepared according to methods described previously 27 . In brief Chromopure mouse IgG at a concentration of 750μg /ml was heated at 62 0 C for 30 min, then cooled on ice immediately and used to stimulate cells.
Measurement of superoxide production in BMMs:
Superoxide produced in cells was measured using the cell-permeable dye dihydroethidium (DHE, Sigma), which binds to nuclear DNA when oxidized by superoxide and emits red fluorescence 31 . Briefly, BMM were seeded in 6 well plates Devices) using excitation/emission filters 520/590 nm.
Rac activity assay:
Glutathione agarose beads coated with GST-PAK1-PBD (p21 binding domain) were prepared as described in reference 32, 33 . The p21 binding domain (PBD) of p21-Activated Kinase 1 (PAK1) binds and pulls down specifically the GTP-bound (active form) and not the GDP-bound form of Rac. Here, BMMs, or Raw 264.7 transfectants were activated by clustering FcγR with anti-mouse FcγRIII/II 2.4G2 antibody followed by mouse-anti rat antibody
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From for indicated time points. Cells were lysed in TN1 buffer (50mM Tris pH 8.0, 10mM EDTA, 10mM Na 4 P 2 O 7 , 10mM NaF, 1% Triton-X 100, 125mM NaCl, 10mM Na 3 VO 4 , 10μg/ml each aprotinin and leupeptin). Protein-matched cell lysates were incubated with GST-PAK1-PBD beads for 1 hour at 4 0 C. After 1 hour, beads were washed with TN1 and then boiled in 1X SDS sample buffer (60mM Tris pH6.8. 2.3% SDS, 10% glycerol, 0.01% bromophenol blue, and 1%
2-ME) for 10 minutes. Proteins were resolved by SDS-PAGE, transferred to nitrocellulose membrane, probed with anti-Rac antibody and developed by enhanced chemiluminescence.
Western blot data quantitation:
The ECL signal was quantitated using a scanner and a densitometry program (Scion Image). In experiments measuring phosphorylation, we first subtracted background, normalized the signal to the amount of actin or total target protein in the lysate, and plotted the values as fold increase over unstimulated samples, as previously described 27 .
Measurement of cytokines by ELISA: Cells were cultured for varying time points ranging from 2 hours to 8 hours, in the presence or absence of heat-aggregated IgG. Cell lysates and supernatants were harvested, centrifuged to remove dead cells and analyzed by ELISA using cytokine specific kits from R & D Systems (Minneapolis, MN). Data were analyzed using a paired t-test, and a p value less than 0.05 was considered significant.
Results

Immune complex-induced production of superoxide is regulated by SHIP.
FcγR clustering activates the assembly of the NADPH oxidase complex and the generation of superoxide 12 . Mechanisms of regulation of superoxide generation are not known.
To 
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Immune complex-induced production of inflammatory cytokines is regulated by SHIP.
The phagocytic process is also accompanied by the production of inflammatory cytokines such as IL-1β and IL-6 2, 19, 20 . While extensive analyses have been performed to understand mechanisms involved in the process of particle engulfment, little is known about signaling pathways involved in cytokine generation and its regulation in macrophages. Here, we first examined whether SHIP influenced FcγR-induced cytokine production. In these experiments, In order to examine the mechanism by which SHIP influences cytokine production in macrophages, we analyzed the role of the Ras/Erk and PI3K pathways on FcγR-induced cytokine production. In B cells, in addition to its ability to hydrolyze PI3K products and downregulating downstream signaling, SHIP has been previously demonstrated to downregulate the Ras/Erk pathway by associating with the Ras GAP-binding protein p62dok and accelerating hydrolysis of Ras GTP, and by competing with the Grb2-Shc adapter complex necessary for Ras activation.
While the former function is mediated by SHIP's enzyme activity, the latter is a consequence of its non-catalytic domains. In these experiments BMM were pre-incubated with either vehicle control or with inhibitors of the Ras/Erk pathway (U0126) or PI3K pathway (LY294002), and For The above experiments demonstrate that SHIP regulates FcγR-induced production of IL-1β and IL-6, and also that SHIP regulates the PI3K and the Ras/Erk pathways. In order to examine whether SHIP influences cytokine production through its influence on PI3K and the Ras/Erk pathways the following experiments were performed. Here, SHIP +/+ and SHIP -/-BMM were pre-incubated with either vehicle alone (DMSO), the MEK inhibitor U0126, or the PI3K inhibitor LY294002. Cells were subsequently stimulated with heat-aggregated IgG for 5 hours.
Cell lysates and supernatants were assayed for IL-1β and IL-6 by ELISA. The results shown in Figure 7 are representative of three independent experiments. As seen in Figure 7A , IL-1β production was enhanced in SHIP -/-BMM in comparison to SHIP +/+ BMM. Treatment with the MEK inhibitor significantly downregulated IL-1β production, even in cells deficient in SHIP,
suggesting that SHIP influences IL-1β production through its influence on the Ras/Erk pathway.
In contrast, inhibition of PI3K had no effect on IL-1β production ( Figure 7A , lower panel). Figure 7B demonstrates that while SHIP -/-BMM produce significantly elevated levels of IL-6, this production is downregulated in the presence of both the MEK inhibitor (upper panel) and the PI3K inhibitor (lower panel). These results demonstrate that SHIP influences FcγR-induced IL-6 production through its influence on both the PI3K and the Ras/Erk pathways. In all experiments, specificity of the inhibitors used was verified by Western blotting cell lysates with phospho-specific antibodies to Erk and Akt ( Figure 7C ).
As a second approach, IL-1β and IL-6 production was measured in Raw 264.7
transfectants over-expressing wild-type SHIP or catalytic-deficient SHIP. Results indicated that over-expression of either the wild-type or the catalytic-deficient version of SHIP significantly dampened the production of IL-1β production in response to FcγR clustering, indicating that the inhibition of IL-1β production is independent of the catalytic-function of SHIP. These results are consistent with the findings that the influence of SHIP on the Ras/Erk pathway is independent of its catalytic-function. In contrast, although IL-6 production was almost completely abrogated when wild-type SHIP was over-expressed, there was only partial inhibition of IL-6 when the catalytic mutant of SHIP was over-expressed. These results demonstrate that both the catalytic function and the non-catalytic domains of SHIP are necessary for the inhibition of IL-6 production.
Thus, we conclude that SHIP influences FcγR-induced production of IL-1β and IL-6 through the inhibition of the Ras/Erk and the PI3K pathways.
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Discussion
In this study we have analyzed for the first time the influence of SHIP on phagocytosisassociated events, i.e., superoxide generation and inflammatory cytokine production. Our data reveal several novel aspects to the regulation of these phagocytosis-associated events. First, the expression of SHIP downregulates Rac activity and subsequent superoxide production.
Interestingly, although we observed high basal Rac activity in SHIP -/-BMM, there was no detectable production of superoxide in the absence of Fc receptor stimulation, suggesting that, while the high Rac activity may contribute to enhanced superoxide production, there are other FcγR-induced activation events that are necessary for generation of superoxide. Activation of Rac is critical for particle ingestion as well as for the assembly of NADPH oxidase complex and superoxide generation 16, 17 . While earlier reports have demonstrated that SHIP negatively regulates phagocytosis 10, 22 , the mechanism by which SHIP mediates its inhibitory effect was previously not known. As such, we believe these data represent a significant advance in our understanding of SHIP's influence on phagocytosis.
Although it is well established that FcγR-clustering results in the production of inflammatory cytokines there is surprisingly little known about signaling pathways involved in the induction of these cytokines. Our experiments demonstrate that the PI3K and Ras/Erk pathway are activated by FcγR clustering quite independently of one another. Thus, inhibition of the PI3K pathway has no effect on the activation of the Ras/Erk pathway and vice versa ( Figure   5C , D). This is in contrast to the signaling events initiated by cytokines and growth factors, where PI3K has been shown to be both upstream and downstream of Ras 37, 38 .
Interestingly, our current findings also indicate a differential requirement for the PI3K
and Ras/Erk pathways in induction of the inflammatory cytokines IL-1β and IL-6. Thus, while
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From activation of PI3K and Ras /Erk pathways was necessary for the induction of IL-6, activation of only Ras/Erk, but not PI3K, was sufficient for the induction FcγR-induced IL-β production ( Figure 5A,B) . These observations are important because they allow for the distinction between the catalytic function of SHIP (which hydrolyzes PtdIns3,4,5P 3 In summary, these findings demonstrate that phagocytosis-associated inflammatory responses are regulated by SHIP, in addition to the previously reported regulation of particle engulfment. Thus, the entire phagocytic process appears to be tightly regulated by the cumulative actions of the kinases and phosphatases in order to maintain homeostasis and prevent collateral tissue damage.
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